We evaluated changes in the distributions of long-chain alkenones, long-chain diols and GDGTs, lipids commonly used for paleothermometry, over the last 90 Myrs for sediments deposited on the New Jersey shelf (the Bass River site) and assessed potential effects of different ancestral producers and diagenesis on their distributions and their impact on the associated temperature proxies. As reported before, the Paleogene distributions of alkenones are generally similar to those in modern haptophytes, but unusual alkenone distributions, characterized by a dominant di-unsaturated C 40 alkenone, are observed for Late Cretaceous sediments, suggesting different ancestral source organisms for alkenones in this interval. The isoprenoid GDGT distributions remained comparable to modern-day distributions, suggesting that TEX 86 can be applied up to ca. 90 Ma. The Miocene long-chain diol distributions are similar to modern-day distributions, but the older sediments reveal unusual distributions, dominated by the C 28 1,12-and C 26 1,13-diols, suggesting different source organisms before $30 Ma. Accordingly, the LDI does not match other paleotemperature proxies, suggesting its applicability might be compromised for sediments older than the Miocene. Our results indicate that of the three proxies, the TEX 86 seems to be the most applicable for deep time temperature reconstructions.
Introduction
Lipid biomarkers have become popular tools in paleoclimate and paleoceanographic studies. Several proxies have been proposed for the reconstruction of past seawater temperature and salinity, terrestrial organic matter input into the marine realm, and continental vegetation changes (see Brocks and Pearson, 2005; Schouten et al., 2013; Luo et al., 2018 for reviews). The most important reconstructed climate parameter is probably sea surface temperature (SST), for which different lipid proxies have been developed. First, the U K 0 37 index Prahl and Wakeham, 1987) based on the unsaturation of long-chain alkenones (LCAs; see Supplementary Fig. S1 for lipid structures), which in modern systems are mainly produced in the open ocean by the haptophytes Emiliania huxleyi and Gephyrocapsa oceanica (Conte et al., 1995; Volkman et al., 1995) .
LCAs observed in marine sediments are typically composed of C 37 -C 39 alkyl chains, with two, three or four unsaturations and a keto group at the C-2 (methyl ketone) or C-3 (ethyl ketone) position. The first alkenone unsaturation index was established by Brassell et al. (1986) , which included the relative abundance of the di-, tri-and tetra-unsaturated C 37 LCAs (U The second temperature proxy is TEX 86 which is based on the ratio of isoprenoidal glycerol dialkyl glycerol tetraethers (iGDGTs) containing different numbers of cyclopentane moieties (see Supplementary Fig. S1 for lipid structures). These compounds are membrane lipids produced by a range of archaea Morii, 2007, Schouten et al., 2013) . In the marine environment the main producers of isoprenoidal GDGTs are thought to be Thaumarchaeota , and a strong correlation between this index and annual mean SST has been observed for marine surface sediments from all over the world Kim et al., 2008 Kim et al., , 2010 Ho et al., 2014; Tierney and Tingley, 2014) . Due to the preservation of iGDGT core lipids up to at least the Jurassic, the TEX 86 proxy has been widely used over these timescales (e.g., Schouten et al., 2004; Forster et al., 2007a Forster et al., , 2007b Bijl et al., 2009; Littler et al., 2011; Linnert et al., 2014) and its utility has been demonstrated for sediments where other proxies were compromised by diagenesis or associated lipid biomarkers were absent (e.g., Bijl et al., 2009; Liu et al., 2009; Hollis et al., 2012; Schouten et al., 2013 and References cited therein). Also, whereas the upper limit of the U K 0 37 is around 29°C, the TEX 86 paleothermometer can record higher temperature as it has not reached unity yet at modern day tropical temperatures, although extrapolation above 30°C is relatively uncertain and should therefore be done with caution (e.g., Schouten et al., 2003; Tierney and Tingley, 2014 and References cited therein).
However, iGDGTs used in TEX 86 may not solely derive from the surface mixed layer, but also from deeper living archaea, affecting the TEX 86 signal, evidenced for both core GDGTs (e.g., Huguet et al., 2007; Lee et al., 2008; Kim et al., 2010 Kim et al., , 2012 Kim et al., , 2016 Lopes dos Santos et al., 2010; Schouten et al., 2013; Taylor et al., 2013; Chen et al., 2014) , as well as for intact polar lipids (IPLs; e.g., Basse et al., 2014; Zhu et al., 2016; Hurley et al., 2018) . Additionally, there are several non-thermal biological factors which can potentially affect the TEX 86 . For instance, it has been shown that the lipid composition of Thaumarchaeota can markedly differ with growth phase , oxygen concentrations, and ammonia oxidation rates as well as between different species (Qin et al., 2015; Elling et al., 2017; Hurley et al., 2016 Hurley et al., , 2018 .
In contrast, pH and salinity variations likely have minimal effect on the intact polar GDGT composition (Wuchter et al., 2004; Elling et al., 2015) . GDGTs produced by archaea other than marine Thaumarchaeota can also affect the TEX 86 , and several indices have been proposed to assess these affects, such as the %GDGT-0 index and the Methane Index reflecting methanogenic or methanotrophic archaeal GDGT production, and the %GDGT RS index as a tool to identify Red Sea-type GDGT distributions (Zhang et al., 2011; Sinninghe Damsté et al., 2012; Inglis et al., 2015) . Furthermore, it has been shown that input from the terrestrial environment can potentially affect the TEX 86 proxy, which can be monitored by the branched isoprenoid tetraether (BIT) index , which is based upon the ratio of crenarchaeol, predominantly produced by marine Thaumarchaeota, and branched GDGTs (brGDGTs), which predominantly derive from the continent. Typically, BIT values <0.3 are considered to reflect marine conditions (e.g., Weijers et al., 2006; Zhu et al., 2011; Sinninghe Damsté, 2016) .
The most recent lipid-based proxy for SST is the Long-chain Diol Index (LDI) based on the relative abundances of specific long-chain alkyl diols (LCDs), i.e., those with alcohol groups positioned at C-1 and at C-13 or C-15 ( Supplementary Fig. S1 ). Analysis of marine surface sediments from all over the world showed a strong correlation of the LDI with SST (Rampen et al., 2012) . Although this proxy has been applied successfully in several studies (e.g. complicates the application of this proxy. For instance, the source organisms are not well known. Whereas 1,13-and 1,15-diols have been observed in cultures of marine and freshwater eustigmatophyte microalgae (e.g., Volkman et al., 1992 Volkman et al., , 1999 Méjanelle et al., 2003; Rampen et al., 2014b) , the observed LCD distributions are dissimilar to those observed in marine sediments, and therefore their role as LCD producers remains uncertain (Versteegh et al., 1997 (Versteegh et al., , 2000 Rampen et al., 2012 Rampen et al., , 2014b . Furthermore, riverine input into the marine realm might compromise the LDI (de Bar et al., 2016; Lattaud et al., 2017a Lattaud et al., , 2017b , while Rodrigo-Gámiz et al. (2015) obtained unrealistic LDI-derived SSTs due to high abundances of 1,14-diols, which are produced by Proboscia diatoms Rampen et al., 2014a) , which also produce minor amounts of 1,13-diols. Saturated C 28 , C 30 and C 32 1,14-diols have also been observed in the marine Dictyochophyte Apedinella radians (Rampen et al., 2011) , however, its importance as a 1,14-diol producer in the marine realm is unknown. In addition to LCDs, structurally corresponding long-chain keto-ols are also often observed and it has been proposed that these keto-ols are intermediate products of the oxidation of LCDs (Ferreira et al., 2001) , although the chain length and positional isomer distributions for LCDs and keto-ols are not always similar (e.g., ten Haven et al., 1992; Yamamoto et al., 1996; Versteegh et al., 1997 Versteegh et al., , 2000 .
The TEX 86 , U K 0 37 and LDI temperature proxies are all based upon the assumption that growth temperature is the main factor affecting the composition of the lipids on which they are based. However, many other factors, such as salinity, nutrient availability, inter-and intraspecies variation, may affect these proxies (e.g., Herbert, 2003; Qin et al., 2015; Elling et al., 2017) . Importantly, application of these proxies in deep time, in particular the Cenozoic, implicitly assumes that the biological sources of these compounds have remained the same and that evolutionary ancestors of modern organisms producing these biomarkers responded in a similar way to temperature. However, for the U K 0 37 it has already been shown that its application is limited to the last ca. 55 Ma, due to the absence of tri-unsaturated LCAs in older sediments (Brassell, 2014 and References therein) . Moreover, LCA distributions deviating from those in modern day sediments have been observed for Cretaceous and Paleocene sediments (Farrimond et al., 1986; Yamamoto et al., 1996; Brassell et al., 2004) . Brassell (2014) assessed distributional variations in LCAs preserved in the sedimentary record with respect to changes in preserved calcareous nannoplankton over time and linked the alkenone distributions to evolutionary adaptations of the source organisms in response to climate change. However, this evaluation was done on sediments from multiple sites covering relatively short time periods and regions covering different climate zones. More importantly, proxies like the TEX 86 and LDI have not been evaluated in a similar fashion, i.e., to assess the impact of (evolutionary) changes in the producers of GDGTs and LCDs, respectively, on the TEX 86 and LDI proxies. In addition to evolutionary adaptations, diagenetic alterations may also influence lipids used for deriving paleoclimatic information.
In this study we investigated the lipid biomarker distributions in a sediment core from the New Jersey Shelf, USA, which covers the last 90 Myrs. These sediments were previously investigated by de Bar et al. (2019) Miller et al. (1998) . Nine sediment intervals spanning a time period of ca. 80 million years (Late Cretaceous to Late Miocene) were the subject of study, dated at ca. 91, 78, 74, 60, 50, 41, 33, 18 and 11 Ma, based on biostratigraphy, magnetostratigraphy, isotope stratigraphy and specific paleoclimatic events (for detailed description, see de Bar et al., 2019) . Note that the age uncertainties are relatively large (in the order of millions of years), due to the coarse resolution of the age model. For every sediment interval, 10-15 subsamples (95 in total) were obtained, covering shorter time intervals (in the order of ten to hundreds of thousands of years) to assess short-term versus long-term variability.
Lipid extraction and analysis
Extracts of the sediments obtained by de Bar et al. (2019) were re-analyzed (see Supplementary Table S2 for the subsamples which were analyzed). In short, sediments were extracted via Accelerated Solvent Extraction (ASE) with dichloromethane (DCM)/methanol (MeOH) (9:1, v/v) and separated over Al 2 O 3 into apolar, ketone and polar fractions, using n-hexane/DCM (9:1, v/ v), n-hexane/DCM (1:1, v/v) and DCM/methanol (1:1, v/v), respectively. Fractions containing elemental sulfur were desulfurized using copper granules activated with 1 M HCL. Polar fractions were purified by polytetrafluoroethylene (PTFE) filtration (0.45 mm). A selection of alkenone fractions was further purified by chromatographic separation on silica impregnated with Ag + , whereby DCM and ethyl acetate were used as eluents to purify the ketone fraction by removing saturated hydrocarbons (in the DCM fraction).
Long-chain alkenones
We analyzed the ketone fractions of between 2 and 13 samples per age interval for LCAs, depending on the presence of these compounds. The ketone fractions were re-dissolved in ethyl acetate prior to analysis. Quantification of the LCAs was achieved on an Agilent 6890N gas chromatograph (GC) with flame ionization detection (FID). Separation was achieved on a fused silica column with a length of 50 m and diameter of 0.32 mm, coated with a CP Sil-5 (thickness = 0.12 mm). Helium was used as carrier gas. The oven program was as follows: 70°C at injection, increased by 20°C/min to 200°C followed by 3°C/min until the final temperature of 320°C. This end temperature was held for 30 min. The flow mode was a constant pressure of 100 kPa. Identification of the LCAs was performed on an Agilent 7890A GC coupled to an Agilent 5975C mass spectrometer (MS). The column, carrier gas, flow rate and oven program were identical to those described for GC-FID analysis but the end temperature was kept for 25 min, and the length of the column was 25 m instead of 50 m. The MS was operated at 70 eV, with an ion source temperature of 250°C and an interface temperature of 320°C. For both systems, injection was done on-column, with an injection volume of 1 mL. The mass spectra of the LCAs were obtained in full scan mode, scanning between m/z 50 and 600 and compared with literature data (de Leeuw et al., 1980; Volkman et al., 1980; Marlowe et al., 1984) . For the C 42:2 ketone, we could not detect the molecular ion mass (m/z 600), but its identification is based on the presence of the M + -29 ion and its relative retention time. Since the C 38:2 methyl (Me) and ethyl (Et) ketones were not sufficiently separated on a CP Sil-5 column, complicating identification by GC-MS, one sample containing both isomers was also analyzed on an Agilent 7890B GC system equipped with a RTX200 column (mid-polarity) (cf. Longo et al., 2013) and FID. The RTX200 column had a length of 60 m, a diameter of 0.32 mm and a film thickness of 0.5 mm. The carrier gas was helium and the system was operated at a constant flow of 1.5 mL/ min. The oven was programmed at 70°C at injection, which was increased with a rate of 15°C/min to 250°C, followed by a linear gradient to 320°C by 1.5°C/min. This end temperature was held for 25 min. The injection volume was 1 mL. Comparison of the retention time with a sample containing C 38:2 Me confirmed the identity of this LCA in the Bass River sediment.
The d 13 C composition for the C 37:2 and C 38:2 LCAs of a sediment from the 41.2 Ma age interval, and of the C 40:2 LCA for the 77.8 Ma age interval was analyzed, by means of gas chromatography-isotope ratio mass spectrometry (GC-IRMS). Analyses were performed on a Thermo Delta V isotope ratio monitoring mass spectrometer coupled to a Thermo Trace 1310 GC. Separation was achieved on a column identical to that of the GC-FID but with a length of 25 m. The oven temperature at injection was 70°C, which was then increased by 20°C/min to 130°C, followed by 4°C/min to the end temperature of 320°C at which it was held for 20 min. The d
13
C data represent averaged values of replicate analyses and are reported in delta notation relative to the VPDB standard using CO 2 reference gas calibrated to the NBS-22 reference material. The instrumental reproducibility was monitored by co-injection of deuterated n-alkane standards (C 20 and C 24 perdeuterated n-alkanes) with the samples. Injection volumes of the samples varied between 2 and 3 mL; injection volume for the n-alkane standards was 0.4 mL. Based on the quadruplicate injection of the n-alkane standards, the instrumental error is <0.4‰.
Glycerol dialkyl glycerol tetraethers
The polar fractions containing the GDGTs and related lipids were re-dissolved in hexane/isopropanol (99:1, v/v) and analyzed using high performance liquid chromatography-atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI-MS) on an Agilent 1260 HPLC, equipped with automatic injector, coupled to a 6130 Agilent MSD and HP Chemstation software according to Hopmans et al. (2016) . Separation of the GDGTs was achieved in normal phase using 2 silica BEH HILIC columns in series (150 mm Â 2.1 mm; 1.7 mm; Waters Acquity) at a temperature of 25°C. Compounds were isocratically eluted with 82% A and 18% B for the first 25 min, followed by a gradient to 35% B in 25 min and a linear gradient to 100% B in 30 min. A = hexane and B = hexane/isopropanol (90:10, v/v) and the flow rate was 0.2 mL/min. The conditions for the APCI-MS were identical to Schouten et al. (2007) and Hopmans et al. (2016) . We assessed the distributions of GDGTs and related glycerol ether lipids by monitoring m/z 900-1400 rather than single ion monitoring as performed previously (de Bar et al., 2019) to investigate the distribution of ether lipids other than those used in the TEX 86 and BIT proxies. The injection volume was 10 mL. For each age interval we analyzed three polar fractions (27 samples in total) on single quadrupole UHPLC-MS and integrated the extracted ion chromatograms of the protonated molecules for the ether lipids, with exception of the hydroxy GDGTs (OH-GDGTs) for which the [M+H] + -H 2 O ions were integrated (Liu et al., 2012b (Liu et al., , 2012c . The integrated peak area of iGDGT-4 was corrected for the contribution of the isotope peak of crenarchaeol by subtracting 45% of the crenarchaeol peak (Hopmans et al., 2000; Pitcher et al., 2011) . We report fractional abundances based on peak areas which were not corrected for possible differences in response factors between the various glycerol ether lipids. For confirmation of the identity of the ether lipids, we performed UHPLC-high resolution MS (HRMS) on 1 to 2 samples per age interval, using an Agilent 1290 Infinity I equipped with thermostatted auto-injector and column compartment coupled to a Q Exactive (Quadrupole Orbitrap hybrid MS) MS equipped with ion max source with APCI probe (Thermo Fisher Scientific, USA). Positive-ion APCI setting were as follows: capillary temperature 200°C, sheath gas (N 2 ) 50 arbitrary units (AU); vaporizer temperature 400°C; auxiliary gas (N 2 ) 5 AU, corona current 2.5 mA, APCI heater temperature 400°C; S-lens 100 V. Chromatography was identical as described above for the UHPLC-MS analyses (i.e., 2 silica BEH HILIC columns in series according to Hopmans et al., 2016) . Ether lipids were analyzed with a mass range of m/z 600-2000 (resolution 70,000), followed by data-dependent MS 2 (resolution 17,500), in which the ten most abundant masses in the mass spectrum (with the exclusion of isotope peaks) were fragmented successively (stepped normalized collision energy 15, 20, 25; isolation window 1.0 Da). A dynamic exclusion window of 6 s, with a mass tolerance of 3 ppm, was applied. In addition, an inclusion list was used with a mass tolerance of 3 ppm, comprehensively targeting ether lipids described in the literature. Identification was achieved by comparison of exact mass and fragmentation spectra with literature data (e.g., Knappy et al., 2009; Liu et al., 2012a Liu et al., , 2012b Liu et al., , 2012c Zhu et al., 2014; Naafs et al., 2018) .
To assess the sources of branched GDGTs we calculated the #rings tetra index for the two youngest time intervals characterized by a BIT index >0.3, according to Sinninghe Damsté et al. (2016):
We calculated the ring index of OH-GDGTs (Lü et al., 2015) based on the peak areas of the [M+H] + -H 2 O ions of OH-GDGTs:
To assess Red Sea-type GDGT contributions we calculated the %GDGT RS ratio according to Inglis et al. (2015) :
Lastly, we calculated the f Creń :Creń +Cren as proposed by O'Brien et al. (2017) to identify anomalous GDGT distributions in Cretaceous sediments:
2.2.3. Long-chain diols and keto-ols Polar fractions were dried in inserts under a stream of nitrogen and silylated by addition of BSTFA (N,O-bis(trimethylsilyl)trifluor oacetamide) and pyridine, and subsequent heating at 60°C for 35 min. Subsequently, LCDs and corresponding keto-ols were analyzed on an Agilent 7890B GC system interfaced to a 7000C GC Triple Quadrupole MS operated in single MS mode, and a selection of samples was analyzed on an Agilent 7890B gas chromatograph coupled to an Agilent 5977A mass spectrometer. We analyzed on average 5 samples per age interval. The oven was programmed with a starting temperature of 70°C, increased to 130°C with a 20°C/min rate, followed by a gradient of 4°C/min to the end temperature of 320°C, which was held for 15 min. Fractions were injected on-column with an injection volume of 1 mL. The GC was equipped with a fused silica column (25 m Â 0.32 mm) coated with CP Sil-5 (film thickness 0.12 mm). The flow rate was 2 mL/min; the carrier gas was helium, and the mass spectrometer was operated at 70 eV. The ion source had a temperature of 250°C, and the interface temperature was 330°C. Identification of all the LCDs and keto-ols was performed in full scan mode (m/z 50-800) by comparison with published mass spectra (e.g., Volkman et al., 1992; Versteegh et al., 1997) . To assess distributional changes over time, ion chromatograms (EICs) with m/z 271, 285, 299, 313, 327, 341, 355 and 369, which are characteristic ion fragments formed by cleavage adjacent to the OTMSi groups (silylated hydroxyl groups) (Versteegh et al., 1997) were integrated. Similarly, for the longchain keto-ols, distribution changes were assessed in full scan, i.e., quantification using mass chromatograms of their M + -15 ions, i.e., m/z 453, 481, 509, 537, 565 and 593, as these were typically the most abundant characteristic fragment ions. Corrections for the relative contributions of the fragment ions to the total ion counts were made (9% and 3% for the LCDs and keto-ols, respectively). Typically, the LCDs and keto-ols were present in trace amounts in the older sediments.
LCDs are easier to identify than keto-ols since the characteristic fragments resulting from cleavage adjacent to the mid-chain OTMSi group are abundant, and hence, are relatively easily recognized in mass spectra. For long-chain keto-ols, the characteristic fragments associated with the position of the keto-group are much less dominant in the mass spectra, and therefore suffer more from background noise (de Leeuw et al., 1981; Versteegh et al., 1997) . For mass spectral identification of the keto-ols we used the diagnostic mid-chain cleavage fragments (Versteegh et al., 1997) , the M + -15 ions, as well as m/z 130, which is a typical fragment for long-chain keto-ols, possibly formed after steps of TMSi rearrangement and subsequent McLafferty rearrangement (de Leeuw et al., 1981) .
The LDI index and the fractional abundance of the C 32 1,15-diol were computed by using peak areas obtained by integration of appropriate peaks in SIM analysis (cf. Rampen et al., 2012; de Bar et al., 2016) :
LDI values were converted to SST values via the following equation:
Due to the higher sensitivity of SIM compared to full scan, LCDs which were below the limit of detection in full scan mode in some samples (and are thus not shown in Fig. 6 ), were just above the quantification limit in SIM, and could therefore be used for proxy calculation. For these proxy calculations, all sediment subsamples (on average 10 per age interval) were analyzed in SIM. The identities of the LCD isomers were affirmed by selected MRM analyses (de Bar et al., 2017) , confirming that the fragments originate from LCDs.
Results and discussion

Long-chain alkenone distributions
We detected LCAs in sediments for the age intervals of 91, 78, 50, 41 and 33 Ma (e.g., Fig. 1 ), but not in the sediments of 74, 60, 18 and 11 Ma. The sediments for the intervals of 91, 50 and 33 Ma contain the di-unsaturated C 37 methyl (Me) and C 38 ethyl (Et) ketones (Fig. 2) , and the sediments of 50 Ma also contain the C 38:2 Me alkenone. The LCA abundance in these sediments is generally low, and particularly for the sediments of 33 and 91 Ma, the signal is around the detection limit. For the sediments of 78 Ma we observed the C 40:2 Et ketone as a dominant LCA in addition to the more commonly observed LCAs. In the sediments of 41 Ma the largest variety in LCAs was detected, i.e., the C 37 Me, C 38 Et and Me, C 39 Et and Me, C 40 Et, C 41 Me and C 42 Et diunsaturated ketones (Fig. 2) .
The absence of LCAs in the youngest sediment intervals, i.e., 11 and 18 Ma, can probably be explained by the nearshore depositional setting of the core site at that time, as revealed by the high BIT index (>0.8; de Bar et al., 2019) , and thus the absence of marine LCA producers. One remarkable observation is that tri-or tetraunsaturated LCAs were not detected in any of the studied sediments, indicating that the value for U K 0 37 was always 1.0. Brassell (2014) observed that tri-unsaturated LCAs, as well as the C 38 diunsaturated methyl ketone, only appeared in the sedimentary record after the Early Eocene Climatic Optimum (EECO; ± 52 Ma; Weller and Stein, 2008) . The first evidence of tri-unsaturated LCAs in the sedimentary record was found in the Arctic Ocean immediately after the EECO. With time, there seems to be an equatorward migration of haptophytes able to produce tri-unsaturated LCAs, linked to reduced ocean warmth (Brassell, 2014) , and the first occurrence of tri-unsaturated LCAs for the mid latitudes was around 45 Ma. Hence, for the Bass River site, we would expect the presence of tri-unsaturated LCAs for the age intervals of 33 and 41 Ma. Accordingly, the absence of the C 37 tri-unsaturated LCAs in these sediments likely indicates SSTs >27°C as above this temperature no tri-unsaturated LCAs are produced (e.g., Prahl and Wakeham, 1987; Volkman et al., 1995) rather than the absence of haptophyte populations producing tri-unsaturated LCAs. Indeed, for the time slice of 41 Ma, TEX H 86 indicates a temperature of 27°C (de Bar et al., 2019) , which would agree with a value of the U K 0 37 of 1.0. However, for the age interval of 33 Ma, the TEX H 86 -derived SST was 22°C, which is inconsistent with the absence of triunsaturated LCAs. The reason for this is unclear, but one possibility is that TEX H 86 reflects subsurface temperatures (de Bar et al., 2019) and SST might have been much higher such that U K 0 37 nears unity. An alternative explanation for the absence of tri-and tetraunsaturated LCAs may be diagenesis leading to selective degradation of LCAs with more double bonds (Hoefs et al., 1998) .
Overall, the distributions observed for 33, 41 and 50 Ma are typical for marine haptophytes, such as the present-day E. huxleyi and G. oceanica (Volkman et al., 1980; Conte et al., 1995) . However, present-day producers, i.e., E. huxleyi and G. oceanica evolved only 290 kyrs and 1.85 Myrs ago, respectively (Pujos-Lamy, 1977; Thierstein et al., 1977; Raffi et al., 2006) and cannot be the source for the detected sedimentary LCAs. Since LCA distributions are similar to modern distributions up to the Eocene, it has been suggested that the most probable Cenozoic LCA producers are in the Reticulofenestra genus, which is part of the Noëlaerhabdaceae family (like Emiliania and Gephyrocapsa) (Marlowe et al., 1990) . However, it is plausible that LCAs were also produced by any species within the three genera of Noëlaerhabdaceae, i.e., Reticulofenestra, Dictyococcites and Cyclicargolithus ( cene it was suggested that Cyclicargolithus was the main producer (Plancq et al., 2012) .
The identification of the C 38 Me ketone at 41 and 50 Ma is remarkable since it is not frequently reported (Brassell, 2014) . For the Paleocene and Eocene, this LCA has only been detected in high-latitude sediments of the Arctic (ca. 44 Ma) (Weller and Stein, 2008) and the Iceland-Faeroe Ridge and Falkland Plateau (between ca. 39 and 28 Ma) (Dzvonik, 1996) . In the sediments of 60 and 74 Ma, LCAs were not detected despite good preservation conditions for organic matter as evidenced by the presence of GDGTs and LCDs in the same sediments (see below). This potentially suggests that LCA producers were not present in the depositional environment.
At 78 Ma (Campanian), we observed an unusual LCA distribution with a highly dominant C 40:2 Et ketone. This LCA has solely been reported in Cretaceous (Farrimond et al., 1986; Brassell et al., 2004) and Danian sediments (Yamamoto et al., 1996) . This unusual distribution suggests a different source organism for the LCAs as compared to those in younger sediments, or alternatively a separate biological source for the C 40:2 LCA. However, the stable carbon isotopic composition of the C 40:2 LCA (À32.0 ± 0.2‰) is identical to the d 13 C values of the C 37:2 and C 38:2 LCAs (À32.5 ± 0.4‰ and À32.2 ± 0.1‰, respectively) measured for the age interval of 41 Ma. Factors which can impact the d 13 C of LCAs include growth rate, cell geometry and pCO 2 (Pagani, 2014 and References therein) . Since pCO 2 was similar around 41 and 78 Ma (Foster et al., 2017) and environmental conditions were not dramatically different at our site, our results suggest that the C 40:2 LCA at 78 Ma was produced by haptophytes with similar cell dimensions and biosynthetic pathways as those producing C 37 and C 38 LCAs, but from a different family than Noëlaerhabdaceae. Nevertheless, the unusual Mesozoic LCA distributions suggests care should be taken in applying the U K 0 37 index to sediments from the early Cenozoic.
GDGTs and other ether lipids
In addition to the iGDGTs and brGDGTs used for the TEX 86 and BIT indices, we have assessed distributional changes of all other ether lipids which were visible by scanning between m/z 900 and 1400, to evaluate potential relationships between these lipids and the GDGTs used in the proxies. For instance, transformation of iGDGTs into diagenetic products might potentially affect the applicability of the TEX 86 . The ether lipid distributions revealed the presence of predominantly iGDGTs (15-67% of the total ether lipid assemblage) and brGDGTs (1-70%; Fig. 3 ). The two youngest time intervals (11 and 18 Ma) are characterized by relatively high amounts of brGDGTs (40-70%).
To constrain the sources of these branched GDGTs we calculated the #rings tetra index (Eq. (1)), the average number of cyclopentane moieties of the tetramethylated brGDGTs, which when >0.7 indicates that sources other than soil and rivers must contribute to the branched GDGT pool (Sinninghe Damsté, 2016). The #rings tetra index for these sediments range between 0.08 and 0.20, suggesting that the brGDGTs derive from a soil/riverine source, and not from in situ production in the shelf sediments (Sinninghe Damsté, 2016; Fig. 3) . Accordingly, the BIT index indicates a mostly terrestrial signal for the two youngest time intervals (BIT index > 0.8).
The sediments of >33 Ma are dominated by iGDGTs, reflecting a mostly marine signal (BIT index < 0.3; de Bar et al., 2019) . However, since the BIT index is a ratio, it is unclear whether this is due to reduced terrestrial input or increased archaeal productivity (e.g., Fietz et al., 2011) . In addition to the commonly detected iGDGTs, GDGT-0 to GDGT-4, crenarchaeol , and its isomer (Cren 0 ), trace amounts of GDGT-5 were tentatively identified in one of the sediments of the 18 Ma age interval (Fig. 3) . Additionally, we detected a suite of other classes of ether lipids (see Supplementary Fig. S2 for lipid structures) , some of which may derive from GDGTs by diagenesis.
Hydroxylated analogues of the iGDGTs (i.e., OH-GDGT-0, -1 and -2; Liu et al., 2012b Liu et al., , 2012c , were detected in the sediments of the time slices 18, 33 and 41 Ma, albeit in low relative abundances (0-1.1% fractional abundance; Fig. 3) . Liu et al. (2012b Liu et al. ( , 2012c showed the presence of OH-GDGTs in marine sediments, also solely with 0-2 cyclopentane moieties, whereas the iGDGT distributions comprise members with 0-3 cyclopentane moieties and crenarchaeol. Therefore, it was suggested that this potentially indicates different sources or different environmental conditions affecting the production of both groups of GDGTs.
The presence of, and number of rings in, OH-GDGTs in sediments has previously been linked to SST (Fietz et al., 2013) with relatively low amounts of OH-GDGTs at high SST, which is in agreement with our data. Lü et al. (2015) also observed a positive correlation between the weighted average number of cyclopentane moieties in OH-GDGT-1 and -2 (the RI-OH index; Eq. (2) of OH-GDGT-0 and -1 and iGDGT-0, suggesting related sources for these lipids at this site, while there was no correlation between the OH-GDGTs and the other iGDGTs. Glycerol monoalkyl glycerol tetraethers (GMGTs; ''H-shaped" GDGTs, Supplementary Fig. S2 ) are another group of glycerol ether lipids detected. The only iGMGT detected was iGMGT-0, present in low relative abundance (0.2-1.9%). iGMGTs have been reported in thermophilic archaea (e.g., Morii et al., 1998; Sugai et al., 2004; Schouten et al., 2008a; Knappy et al., 2009 Knappy et al., , 2011 Knappy et al., , 2015 , the methanogenic archaeon Methanothermus (Koga and Morii, 2005) , environmental samples (Schouten et al., 2008b; Liu et al., 2012c; Lincoln et al., 2013; Jaeschke et al., 2014) , and recently also in peat bogs (Naafs et al., 2018) . Schouten et al. (2008b) suggested that benthic archaea possibly produce this compound. BrGMGTs, the GMGT homologues of brGDGTs Ia, IIa and IIIa, were sometimes present in much higher relative abundances (0-19%). BrGMGT Ia was reported in several marine sediments (Liu et al., 2012c) and in the oxygen minimum zone of the Eastern Tropical North Pacific Ocean . Recently, Naafs et al. (2018) reported these three brGMGTs in peat bogs. The fractional abundances of the brGMGTs correlate (R 2 = 0.3-0.8) with those of the associated brGDGTs, indicating a terrestrial origin like the brGDGTs (Fig. 3 ), in agreement with the results of Naafs et al. (2018) . Glycerol dialkanol diether (GDD; Knappy and Keely, 2012; Liu et al., 2012a Liu et al., , 2012c derivatives, i.e., GDGTs that have lost one glycerol unit ( Supplementary Fig. S2 ), were also identified throughout the entire record (Fig. 3) . The predominant GDDs are derivatives of the major GDGTs (iGDGT-0, crenarchaeol, brGDGT Ia), i.e., iGDD-0, iGDD-crenarchaeol (0-9% fractional abundance) and brGDD Ia (0-4%). Liu et al. (2012a Liu et al. ( , 2012c observed that iGDDs and iGDGTs have similar ring distributions, suggesting similar origins, either indicating a biosynthetic relationship or due to diagenetic transformation. GDDs are observed both in their core lipid form as well as in their IPL form in archaeal cultures (Elling et al., , 2017 Meador et al., 2014) , suggesting a biosynthetic origin. However, Yang et al. (2014) observed an exponential decrease in the GDGT/(GDGT + GDD) ratio with depth in a Chinese loess-paleosol sequence, which indicates that GDDs have a diagenetic origin. In agreement, we observed a significant positive relation between the fractional abundance of iGDD-0 and iGDGT-0, and iGDD-Cren and Crenarchaeol (R 2 = 0.64 and 0.41, respectively; p-values < 0.001),
as well as between the branched GDD Ia and branched GDGT Ia (R 2 = 0.69; p-value < 0.001).
Interestingly, the isoprenoidal glycerol monoalkanediol diether-0 (iGMD-0; Bauersachs and Schwark, 2016; Liu et al., 2016) is present in all studied time intervals except for the youngest interval. If indeed iGDD-0 and iGDD-Cren (partially) result from the diagenetic transformation of GDGT-0 and crenarchaeol, respectively, this could potentially compromise the TEX 86 proxy. Therefore, we cross-correlated the ratio of crenarchaeol over the sum of crenarchaeol and iGDGT-0 with the same ratio for their iGDD counterparts, shown in Fig. 4 . The evidently strong positive correlation between these two ratios (R 2 = 0.98; slope $ 1 and intercept $ 0; p < 0.001; n = 23) suggests that, if indeed the iGDDs are degrada- tion products, the diagenetic conversion of iGDGT-0 and crenarchaeol into iGDD-0 and iGDD-Cren is proportional. Assuming similar degradation dynamics hold for the iGDGTs used in the TEX 86 , this suggests that degradation does not affect the distribution of iGDGTs and, hence, of TEX 86 values. Some less common tetraethers, where one of the glycerol moieties is replaced by another group, were also detected; butanetriol dibiphytanyl glycerol tetraether-0, -1 and -2 (iBDGT-0, -1, -2; 0-5.8% fractional abundance) and the pentanetriol dibiphytanyl glycerol tetraether-0 (iPDGT-0; 0-2.6%). These lipids were recently identified in marine and estuarine sediments as well as in the methanogenic archaeon Methanomassiliicoccus luminyensis (Becker et al., 2016) . The iBDGTs were detected in relatively low abundance (0-6%) throughout the entire Bass River record with exception of the youngest sediment interval (11 Ma; Fig. 3 ). iPDGT-0 was present in relatively small amounts (0-3%), except for the youngest and oldest time interval (11 and 91 Ma; Fig. 3 ). It showed a relatively high abundance (1.6%) in the time interval of 50 Ma (Fig. 3) , together with a novel tentatively identified ether lipid ( Supplementary Fig. S3 ), the isoprenoidal pentanetriol monoalkyl glycerol tetraether-0 (iPMGT-0; 3.9%).
Similarly, we tentatively identified ( Supplementary Fig. S4 ) the isoprenoidal butanetriol monoalkyl glycerol tetraether-0 and -1 (iBMGT-0 and -1; 0-2.2%; Fig. 3 ), which were detected in the same sediments as the iBDGTs. These tentative identifications were based on retention times, the exact protonated molecular mass obtained by HRMS and its MS 2 fragmentation pattern (Supplementary Figs. S3 and S4). The fractional abundances of iBMGT-1 and iGMGT-0 reveal a very strong positive relation with each other (R 2 = 0.83; p < 0.001). iBMGT-0 strongly correlates with iPDGT-0, iPMGT-0 and iGMD-0 (R 2 = 0.76, 0.83 and 0.76, respectively; pvalues < 0.001), suggesting similar sources. Interestingly, the fractional abundance of the iBDGTs does not correlate with the abundance of these lipids. Overall, despite the wide structural variety in glycerol ether lipids detected throughout Bass River over the last ca. 90 Myrs, the distributions of the main iGDGTs stayed relatively similar from 33 to 91 Ma and they remained the most abundant glycerol ether lipids (Fig. 3) . This suggests a similar biological source throughout this time interval and no major diagenetic transformations. iGDDs were encountered in the record but they remained minor relative to the iGDGTs and their formation does not seem to affect the iGDGT distribution. Potential secondary effects on the TEX H 86 were assessed by de Bar et al. (2019) by means of calculation of the Methane Index, the %GDGT-0 and Ring Index, which were all below recommended threshold values. Additionally, we calculated here the %GDGT RS (Eq. (3)) to identify Red Sea-type GDGT distributions, since it is known to differ from other modern ocean settings (Inglis et al., 2015) . For the time intervals where TEX 86 SST < 30°C, the % GDGT RS is always below the threshold, i.e. <30. Additionally, we applied the f Creń :Creń +Cren as proposed by O'Brien et al. (2017) The observed distributional changes of the iGDGTs appear to relate to temperature changes as TEX 86 -derived SSTs correlate well with SST estimates based on other temperature proxies determined on the same sediments (de Bar et al., 2019) , as well as with the global benthic oxygen isotopic compilation (Zachos et al., 2008; Friedrich et al., 2012) . This indicates that the fundamental principles underlying the TEX 86 proxy relationship with temperature potentially remained the same over the last ca. 90 Myrs. iGDGTs have been found in sediments up to 140 Ma (Kuypers et al., 2001; Carrillo-Hernandez et al., 2003; Jenkyns et al., 2012) , and recently even in Early Jurassic sediments (ca. 191 Ma; Robinson et al., 2017) , and based on genetic analysis it was estimated that Thaumarchaeota originated more than 1 Gyr ago (Blank, 2009; Spang et al., 2010) . Moreover, the same temperature adaptation, i.e., an increase in the number of cyclopentane rings with increasing temperature, as observed with the TEX 86 has also been evidenced for distantly related hyperthermophilic archaea (see Schouten et al., 2013 and References therein), signifying that this adaptation mechanism is shared by more archaeal phyla and thus likely also the ancestors of modern day Thaumarchaeota.
Long-chain diol and keto-ol distributions
All sediment intervals contained LCDs (e.g., Fig. 5 for a sediment of 50 Myrs old), albeit generally in low amounts. Particularly, for the age intervals of 11, 60, 74 and 91 Ma, the LCDs identified were often near the detection limit. The two youngest time intervals investigated (i.e., ca. 11 and 18 Ma) reveal C 30 and C 32 1,15-diols as dominant LCDs ( Fig. 6; Supplementary Table S1 ). Sediments with the ages of 33, 41 and 50 Ma reveal different LCD distributions with the dominant isomers being the C 26 1,13-, C 28 1,12-, C 30 1,15-, C 32 1,15-and C 34 1,17-diol. Plancq et al. (2014) reported similar LCD distributions for Eocene-Oligocene (ca. 31-37 Ma) sediments of DSDP Site 511 in the South Atlantic as observed here for the 33 and 41 Ma age intervals (i.e., the C 26 1,12-1,13-and 1,14-diol, C 28 1,12-, 1,13-, 1,14-diol and C 30 1,13-and 1,14-diol). In the sediments of 60 Ma, the C 28 1,12-diol, C 30 1,15-diol and the C 30 1,12-diol were detected of which the C 28 1,12-diol occurs in the highest abundance. For the interval of 74 Ma, the C 26 1,13-, C 28 1,12-, 1,13-and 1,14-diols and the C 30 1,15-diol were detected, of which the C 26 1,13-diol was the most abundant. In the sediments of 78 and 91 Ma, we solely detected the C 26 1,13-diol. Through time, there is a clear gradual shift in chain length dominance towards shorter chain lengths from C 32 to C 26 (Fig. 6) .
We also quantified long-chain keto-ols, suspected diagenetic products of LCDs (e.g., Ferreira et al., 2001) . The concentrations in the youngest time interval (11 Ma) were too low for unambiguous identification of keto-ols. For the interval of 18 Ma, we detected the C 30 and C 32 1,15-keto-ols in addition to the C 34 1,15-keto-ol, and trace abundances the C 36 1,19-keto-ol (Fig. 6) . The polar fractions of the sediments of 33 Ma generally contained higher backgrounds, complicating identifications of keto-ols, and consequently we solely unambiguously identified the C 32 1,15-keto-ol. Further back in time, the presence of the C 28 1,12-and C 26 1,13-keto-ols was established (Fig. 6) .
Overall, the long-chain keto-ols show a gradual shift in chain length through time, similar to that observed for the LCDs (from C 32 to C 26 ) (Fig. 6) , which would agree with the idea that longchain keto-ols result from oxidation of the mid-chain alcohol group of the LCDs (Ferreira et al., 2001 ). Another possibility is that the Fig. 4 . Cross-correlation of the ratio of crenarchaeol over the sum of crenarchaeol and GDGT-0 versus the same ratio for the GDD-counterparts for the examined sediments from the Bass River record.
keto-ols are biosynthesized by the same algae producing LCDs, but evidence for this is lacking. We did not recognize keto-ols for all corresponding LCDs, but keto-ols were generally present in trace amounts, and the characteristic fragment ions related to the position of the keto-group, on which the identification of the keto-ols are based, have relatively low abundances (de Leeuw et al., 1981) which prohibited unambiguous identifications of all keto-ols.
Particularly interesting are the C 28 1,12-and C 26 1,13-and 1,14-LCDs, which become more dominant in the older sediment intervals. The C 28 1,12-diol has been previously observed in lake sediments (Shimokawara et al., 2010; Rampen et al., 2014a) , in trace amounts in cultures of the eustigmatophyte freshwater algae Vischeria spp. (Volkman et al., 1999; Rampen et al., 2014a) , and marine Proboscia diatoms (Rampen et al., 2007) . Additionally, low abundances were observed in marine sediments from the Bransfield Basin (Holocene; Antarctic Peninsula; Willmott et al., 2010) , the Arabian Sea (recent; Rampen et al., 2007) , the Oman margin (Pliocene; ten Haven and Rullkötter, 1991) , and the Chilean margin (Late Quaternary; de Bar et al., 2018) . Interestingly, all these sediments were deposited under upwelling conditions, and contained high relative abundances of 1,14-diols (produced by Proboscia diatoms; Sinninghe Rampen et al., 2014b) .
Since the C 28 1,12-diol has also been detected in Proboscia cultures, albeit in relatively low abundances, the Proboscia diatoms are likely to be the present-day producer of the C 28 1,12-diol in the marine realm. The relative high abundance of the C 28 1,12-diol in the sediments from ca. 33 to 74 Ma, may therefore indicate the dominance of a diatom population closely related to Proboscia. In addition to the C 28 1,12-diol, the C 26 1,14-and 1,13-diols are relatively dominant between 91 and 33 Ma. In the two oldest sediment intervals (91 and 78 Ma) only the C 26 1,13-diol was detected. Similar to the C 28 1,12-diol, these LCDs are generally not observed in high abundance in recent marine sediments. Moreover, to the best of our knowledge, they have only been reported for sediments of Lake Baikal (Japan; Shimokawara et al., 2010) , Holocene sapropels in the Mediterranean (ten Haven et al., 1987) and, in trace amounts, in Proboscia cultures (Rampen et al., 2007) . Accordingly, this latter observation might indicate that these LCDs were (as for the C 28 1,12-diol) produced by a group of diatoms closely related to Proboscia. However, the observed cooccurrence of the C 28 1,12-/C 26 1,13-diols with their corresponding keto-ols would imply that Proboscia, or related diatoms, are not the source of these lipids, since 1,14-keto-ols are generally not detected in modern sediments in contrast to 1,13-and 1,15-ketools (e.g., Versteegh et al., 1997; Sinninghe Damsté et al., 2003) . Similarly, for this site, we did not detect 1,14-keto-ols.
Sinninghe hypothesized that because Proboscia diatoms sink relatively fast to the seafloor, and the lipids are protected by a silica frustule, the 1,14-diols are much less exposed to oxygen in the water column, preventing the oxidation of 1,14-diols. In contrast, 1,13-and 1,15-diols are likely longer exposed to oxygen and therefore degraded to 1,13-and 1,15-keto-ols. In agreement with this idea, we have not detected the C 29 12-hydroxy methyl alkanoate in the Bass River sediments, a typical biomarker for Proboscia and potentially formed from common precursors (C 28 12-hydroxy fatty acid) as the 1,14-diols .
Interestingly, Yamamoto et al. (1996) observed similar LCD distributions for Danian sediments (Geulhemmerberg; the Netherlands; ca. 65 Ma): the C 26 1,13-, C 28 1,12-and 1,13-, C 30 1,13-and 1,15-and C 32 1,15-diols, suggesting that the rarely reported C 26 1,13-and C 28 1,12-diols may have been more common in the early Cenozoic. However, they observed different keto-ol distributions, i.e., the C 32 1,15-, C 34 1,13-and 1,15-and C 36 1,15-keto-ols. This discrepancy in LCD and keto-ol distribution might be the result of different settling speeds of material with which the LCDs are associated, due to different producers, and thus different oxygen exposure times. The authors did detect the C 28 12-hydroxy fatty acid at their site, which is an indication that, in contrast to the Bass River, the C 28 1,12-and C 26 1,13-diols were potentially produced by diatoms closely related to Proboscia. Integrating these long-term LCD distribution changes with fossil distributions or molecular phylogenic data, which can give insight in the evolution of organisms, could potentially shed light on the source organisms of LCDs. However, little is known on the evolutionary history of the present-day LCD producers, i.e., the eustigmatophytes (1,13-and 1,15-diols), Proboscia diatoms (1,14-diols) and the dictyochophyte Apedinella radians (1,14-diols). Molecular clock analysis estimated the divergence of different genera within the Eustigmatophyceae and Dictyochophyceae families to have most likely occurred around 120 and 280 Ma, respectively (Brown and Sorhannus, 2010) , i.e., predating our oldest sedimentary LCD occurrence (±91 Ma).
Proboscia taxa originate from a centric diatom lineage which likely evolved between approximately 149 and 125 Ma (Sorhannus, 2007) . Indeed, a number of fossil Proboscia species has been reported for the Cenozoic and the Late Cretaceous despite their weak preservation potential (Jordan and Priddle, 1991; Koç et al., 2001; Jordan and Ito, 2002) . The oldest reported occurrences of preserved Proboscia is for Late Cretaceous sediments, for which in total six species were described (Hajós and Stradner, 1975; Harwood and Nikolaev, 1995; Jordan and Ito, 2002) , suggesting that diversification within the Proboscia genus already occurred prior to the Late Cretaceous. Jordan and Ito (2002) argued, based on morphological grounds and the absence of Proboscia fossils in Early Cretaceous sediments (Gersonde and Harwood, 1990) , that a possible ancestor would be the Kreagra diatom genus, observed in Early Cretaceous sediments. Thus, the present-day producers Bars represent average fractional abundances (based on summed LCD and long-chain keto-ol abundance) for the specified time intervals. Error bars reflect ±1r standard deviations of the different sediments of a particular age interval. When there is no error bar, the LCD or keto-ol was identified in solely one sediment sample for that time interval.
of the most dominant LCDs all evolved prior to our oldest LCD occurrence. The observed trends may therefore be predominantly explained by shifting populations of Proboscia, causing a shift to shorter chain lengths with increasing sediment deposition age.
Values for the LDI (Eq. (5)), the paleothermometer based on LCDs, could be calculated for the five younger time intervals (i.e., 11, 18, 33, 41 and 50 Ma; Fig. 7a ). For sediments older than 50 Ma, solely the C 28 1,13-diol was tentatively identified in trace amounts in a sediment from 74 Ma, but the C 30 1,13-diol could not be unambigously identified, implying that for this site, the applicability of the LDI is restricted to the last ± 50 Myrs. However, Yamamoto et al. (1996) reported low amounts of the C 30 1,13-diol for Danian sediments (±66 Ma) suggesting that the LDI might be applicable in older sediments at other sites.
The LDI-derived SSTs vary between ca. 15 and 22°C (Fig. 7a) (2015) previously reported LDI values for surface sediments around Iceland, in which the 1,13-and 1,15-diols were relatively low compared to the 1,14-diols. They obtained LDI-SSTs which were significantly lower compared to satellite SSTs, and they proposed that the Proboscia diatoms might be at least a partial source of the 1,13-and 1,15-diols in that region, affecting the LDI. Likely, the LDI signal we obtained for the Bass River site is similarly affected by 1,13-and 1,15-diols produced by unknown organisms producing the more abundant C 28 1,12-and C 26 1,13-diols.
We also determined the fractional abundance of the C 32 1,15-diol (Eq. (7)), which is a potential indicator of riverine organic matter input (de Bar et al., 2016; Lattaud et al., 2017a Lattaud et al., , 2017b . We observed a good correlation between the BIT index, a proxy for soil and riverine input (e.g., Weijers et al., 2007; Zell et al., 2014; de Jonge et al., 2015) , and the fractional abundance of the C 32 1,15-diol (R 2 = 0.72, p-value < 0.001; n = 38; Fig. 7b ), suggesting a contribution of terrestrially derived organic carbon, potentially providing an alternative explanation for the erroneous LDI SSTs (cf. de Bar et al., 2016) . So far, the C 32 1,15-diol as tracer for contribution of riverine organic carbon has only been tested for Late Quaternary records (Lattaud et al., 2017b; Jonas et al., 2017; Warnock et al., 2017) . The agreement between the fractional abundance of the C 32 1,15-diol and the BIT index determined for the Bass River site over the last ca. 50 Myrs suggests that this proxy might also be applicable over longer timescales.
Conclusions
In this study we have assessed changes in lipid biomarker distributions (LCAs, GDGTs, LCDs, keto-ols) in the Bass River core (New Jersey shelf, North Atlantic) from the late Cretaceous to the Pliocene to gain insight into the long-term evolution of sources of these lipid biomarkers and associated temperature proxies and potential effects of diagenesis. Tri-unsaturated LCAs were absent, and consequently the U K 0 37 results in reconstructed SSTs >27°C for the Mid-Eocene and later. At 78 Ma, we observed a highly dominant C 40:2 Et ketone, potentially suggesting different ancestors and thereby limiting the applicability of the U K 0 37 to the Cenozoic. However, the stable carbon isotopic composition is highly similar to that of the C 37:2 and C 38:2 LCAs of the age interval of 41 Ma, potentially suggesting similar sources. We have encountered a wide variety of glycerol ether lipids, and tentatively identified three new GMGT homologues of previously reported isoprenoid PDGTs and BDGTs, i.e., iPMGT-0 and iBMGT-0 and -1. The iGDGT distributions observed throughout the core are highly comparable to distributions typically observed in marine Thaumarchaeota and in present-day sediments, suggesting that the fundamental principles underlying the relation of the TEX H 86 proxy to temperature remained consistent back to ±91 Ma. We also detected GDDs, which have a diagenetic or biosynthetic origin. If they are formed by diagenetic conversion of GDGTs, this conversion appears to be constant through time, implying there is no effect of degradation on the TEX 86 proxy. The LDI could solely be calculated for sediments up to ca. 50 Ma, due to the absence of 1,13-diols in the older sediment intervals and calculated temperatures and trend did not agree with other records. Changing LCD distributions were observed with time, revealing the dominant C 28 1,12-diol and C 26 1,13-diol between 33 and 91 Ma which may have impacted the LDI. Good agreement between the fractional abundance of the C 32 1,15-diol and the BIT index over the last 50 Myrs suggesting that this proxy for riverine input is potentially applicable up to the Eocene. Long-chain keto-ols had the same isomer distributions as the LCDs suggesting a diagenetic link. 
